Highly enriched, phenotypically defined hematopoietic stem, Thy-I"Lin-Sca-l+, and progenitor cell populations from mouse bone marrow (BM) were tested at limiting dilution for their ability to reconstitute Dexter monolayers. Several classes of BM cells can reconstitute Dexter cultures, first forming discrete "cobblestone" areas which then mature into colonies consisting primarily of maturing myeloid and erythroid cells. Most such colonies have a limited lifespan in culture. Only the Thy-1"Lin-Sca-1' cell fraction gives rise to colonies that survive longer than 3 weeks, which suggests that a limiting-dilution analysis for long-term reconstitution of Dexter cultures can serve as a quantitative measure of stem cell H E BONE MARROW (BM) is the site of origin for all T blood cell lineages. Contained in this tissue are cells in various stages of maturation, along with small numbers of committed progenitors and rare self-renewing multipotent stem cells. Because of their low frequency, isolation and study of the developmental properties of these precursor cells has proven difficult. With the use of separation techniques based on physical parameters, reactivity with monoclonal antibodies (MoAbs), and FACS, however, enrichment for these early progenitors was recently de-
T blood cell lineages. Contained in this tissue are cells in various stages of maturation, along with small numbers of committed progenitors and rare self-renewing multipotent stem cells. Because of their low frequency, isolation and study of the developmental properties of these precursor cells has proven difficult. With the use of separation techniques based on physical parameters, reactivity with monoclonal antibodies (MoAbs), and FACS, however, enrichment for these early progenitors was recently de- In vivo experiments measuring spleen colony formation, thymic reconstitution, and long-term repopulation of lethally irradiated or genetically mutant mice have yielded a wealth of information regarding the potential of various cell populations to reconstitute the blood cell system.'-' In vivo experimentation has some drawbacks, however, in that it is often cumbersome, difficult to quantitate, and usually involves long assay intervals. In addition, in vivo assays for human progenitor cells are not possible, although potential substitute animal models have been reported.""' Because of these shortcomings, defining alternative in vitro methods that might substitute for these in vivo assays is important. In particular, systems are needed that can distinguish between the earliest hematopoietic stem cells (HSC) and the more committed progenitors.
Previously, assays such as colony formation in methycellulose or agar were used to define specific precursor cell classes. Classifications were based on parameters such as colony size, the types of lineages found in a colony, or the specific growth factors required to support How these subclasses of colony-forming cells correlate with the in vivo hierarchy of stem and progenitor cells is unclear, however. Recent results indicated that high proliferative potential colonies (HPP) and single and mixed lineage colonies arise from both the Thy-1'"Lin-Sca-l', a cell population highly enriched for the stem cell, and Thyl'"Lin-Sca-l-, a more commited multipotent myeloerythroid progenitor, when cultured in media containing combinations of growth factors." Thus, using colony assays by themselves to discriminate between HSC and restricted precursors is difficult.
Attempts to develop alternative in vitro methods that mimic the normal BM microenvironment better have resulted in development of long-term BM cultures (LTBMC). Dexter et a1'8.20 described culture conditions in which a BM monolayer supports and maintains myeloerythropoeisis for more than 6 months. Previously, we demonstrated that a population in mouse BM, defined phenotypically as Thy-l'", lineage-, Sca-I+ (Thy'",L-,S'), is highly enriched for pluripotent HSC. 4 The ability to reconstitute lethally irradiated hosts resulting in radiation protection, multilineage differentiation, and HSC self-renewal rested only in the Thy-I+, the Sca-l+, and the Lin-BM subsets. (N. Uchida and I. Weissman, manuscript in preparation) In addition, several classes of more restricted progenitors have also been described .34,9,21, 22 We measured the capacity of these BM subsets to reconstitute Dexter monolayers. Reconstitution proceeds in stages. First, discrete "cobblestone" areas are formed; they then mature into colonies consisting primarily of maturing myeloid and erythroid cells. The precursor cells that give rise to such colonies have been designated as colony-forming units-Dexter (CFU-Dex). Limiting-dilution analyses indicate that many different BM progenitors contain CFU-Dex, but only the Thy'",L-,S' cells form colonies that continue to proliferate for more than 3 weeks. Furthermore, only the Thy'",L-,S+ reconstituted cultures contain large numbers of replatable progenitors (CFU-GM). These results indicate that long-term reconstitution of Dexter monolayers can be used as a quantitative assay to distinguish HSC from more committed progenitors.
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MATERIALS AND METHODS
Isolation of BMprogenitor cells. BM cell suspensions from 4-to 6-week-old C57BliKa-Thyl.1 mice were prepared in Hank's balanced salt solution (HBSS, GIBCO, Grand Island, NY) supplemented with 2% fetal calf serum (FCS) and 10 mmol/L HEPES buffer. Two distinct staining protocols were followed using antibodies previously described>2',22 Each incubation was performed for 20 minutes on ice, followed by a wash through an FCS cushion. For stem cell staining, the order of reagents was (a) directly fluoresceinated (FL) rat anti-CD4 and CD8 plus unmodified rat anti-B220, anti-Macl, and anti-Grl; (b) phycoerythrin (PE)-conjugated goat anti-rat Ig (Biomeda, Foster City, CA) plus anti-FL antibodies coupled to magnetic beads (Advanced Magnetics, Cambridge, MA); (c) magnetic depletion of mature T cells; (d) normal rat Ig (Pel-Freez Biologicals, Rogers, AR) for 5 minutes to block residual anti-rat activity; (e) FL-mouse anti-Thyl.1 plus biotinylated rat anti-Sca 1 (an aliquot of cells was removed after this step to sort directly for Thy-Lin-and Thy-Lin' populations); ( f ) Texas red (TX)-avidin (Cappel, Cochranville, PA) and anti-FL magnetic beads; and (g) magnetic selection for Thy-1' cells.
In the second protocol, for staining to obtain committed progenitor cells the following substitutions were made: for step a, FL-CD4 and CD8 plus anti-Macl; for step b, TX-anti-rat Ig (Biomeda) plus anti-FL magnetic beads; for step e, FL-Thyl.1 plus biotinylated anti-B220; and for step f, allophycocyanin-avidin (Biomeda). After the last wash, cells were resuspended in HBSS containing 1 &mL propidium iodide. Cell separation was performed on a dual-laser FACSTAR PLUS (Becton Dickinson) with appropriate gates set to exclude debris, clumps, and dead cells.
Cultures were set up according to the method of DexteP modified as described below. BM cells was obtained from 8-to 12-week-old C57BlKa mice, washed once, and resuspended at 2 x lo6 cells/mL in Iscove's media containing 12.5% FCS (Hyclone, Logan, UT), 12.5% horse serum (Hyclone), lo-' mol/L hydrocortisone, lo-' mol/L 2 mercaptoethanol (ME), and penicillin-streptomycin. Cultures were established in T-25 flasks (10 mL per flask) or for limiting-dilution analysis in 96-well plates (0.2 mL per All cultures were incubated at 37°C in 5% CO, for 4 days and then switched to 33°C. They were refed weekly. After the adherent monolayer had become established (2 to 3 weeks), cultures were treated with 1,200 cGy ('"Cs source) and then used in the reconstitution experiments.
Whole BM or sorted subsets were seeded, at four to six appropriate cell concentrations, into preestablished and irradiated 96-well Dexter cultures (24 to 48 wells per dilution). At weekly intervals, wells were scanned with an invertedphase microscope for proliferating colonies consisting of more than 30 cells. After being counted, wells were refed by demidepletion. The frequency of responding cells at any one time was calculated with the Poisson formula from the percentage of negative wells.
Assay for generation of replatable WEHI-3 conditioned media (CM)/erythropoietin (EPO) responsiveprogenitors (CFU-GM). T-25 Flasks containing irradiated Dexter cultures were seeded with whole BM or sorted cell populations and incubated undisturbed for 2 weeks. The contents of an entire flask (containing 1 to 20 independent Dexter colonies) were then harvested by collection of the nonadherent cells followed by trysinization to dislodge any remaining cells. The number of cells recovered in each flask was measured. Cells were plated in 35-mm Petri dishes in media consisting of Iscove's modified Dulbecco's medium (IMDM), 20% FCS, 0.05 mmol/L 2-ME, 200 mmol/L L-glutamine, 0.8% leptalbumin (Armour Pharmaceutical, Tarrytown, NY), 0.08% NaHCO,, recombinant human EPO, (1 U/mL; Amgen Biologicals, Thousand Oaks, CA), 1% WEHI-3 CM as a source of interleukin-3
Preparation of LTBMC.
Limiting-dilution analysis.
(IL-3), a gift from Donna Rennick at DNAX, Palo Alto, CA, and 1% methylcellulose, 1,500 centipoises (Sigma Chemical, St Louis, MO). Plates were analyzed after 10-14 days with an inverted microscope to determine the total number of colonies. Colonies were characterized as having more than 30 cells and consisted mainly of granulocytes and macrophages, although other lineages could be observed. Irradiated flasks not recharged with new cells did not give rise to any colonies.
Cells from reconstituted LTBMC were injected into irradiated host mice (900 rad, X-ray irradiation). Animals were killed after 8 or 12 days; their spleens were removed and cleared in Telleyesniczky's fixative, and the number of macroscopic spleen colonies was determined under a dissecting microscope. Control irradiated animals had no significant spleen colonies at either time point.
Assay for maintenance of CFU-S activity.
RESULTS
Previous research has indicated that much of the hematopoietic progenitor activity detected in vivo resides in the 1% of mouse BM that expresses a 10-fold lower level of the Thy-1 antigen than that which exists on mature mouse T cells.3 This subset has been designated the Thy'" fraction. With specific combinations of additional markers, Thy'" cells have been further subdivided into five different populations (Table 1) . Previously published experimental analyses, summarized in Table 1 , have suggested a hierarchy among the Thy'" cells, ranging from restricted B and myeloid precursors to the most primitive multipotent stem cells (HSC).3,4,21,ZZ These five Thy'" cell populations, along with two other fractions, Thy-Lin-and Thy-Lin', which together comprise the rest of the BM, were tested for their ability to grow in Dexter cultures.
Dexter cultures were established in T-25 flasks for 2 weeks, irradiated to deplete endogenous hematopoietic activity, and then reconstituted with whole BM (WBM) or sorted fractions. In a few days, small clusters of hematopoietic cells were detected, appearing as groups of cells within and beneath the adherent stromal layer. Because the cells have a characteristic flattened morphology, such clusters have been termed cobblestone areas.18~19s23~24 Such areas were never observed in irradiated cultures that had not been recharged with fresh cells. These cobblestone areas are sites of active proliferation, achieving up to lo5 cells per individual cluster in several weeks (Fig 1) . The number of clusters detected was directly related to the number of cells seeded into the flasks (data not shown), suggesting that these clusters arise by growth from individual progenitors. We have designated such progenitor cells CFU-Dex (colonyforming unit on a Dexter monolayer).
Phenotypic analysis of the cultures derived from either whole BM or the Thy'",L-,S' stem cell fraction indicates that, in both cases, more than 98% of the cells are maturing granulocytes and macrophages. There was a significant increase in backround autofluorescence, making detection of rare subsets difficult. Nevertheless, about 0.5% of cells still expressed the stem cell phenotype, Thyl",L-,S', after 28 days in culture, suggesting the possible maintenance or self-renewal of stem cells in these cultures. Additional experiments involving transfer of cultured cells to irradi-
Reconstitution of irradiated Dexter monolayers.
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*Measured by injection of 10'to lo5 sorted cells into irradiated congenic animals along with lo5 syngeneic BM cells to insure survival. Repopulation was measured by FACS analysis of peripheral blood, staining for donor type v lineage markers for E, T, and myeloid cells at 4 to 8 weeks postirradiation.
tSecondary reconstitution ability was assayed by transfer at 8 weeks of whole EM from previously reconstituted animals described in (*). Repopulation was again measured by FACS analysis of peripheral blood.
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For WBM, 1 in 300 cclls gavc rise to a Dcxtcr colony by 7 For Table 2 .
days in culture; this frequency decreased with time so that by day 28 less than 1 in lo5 cells continued to proliferate. This decrease in response frequencies with time was also found for each of the sorted subsets. The Thy-Lin' fraction, which consists of mostly mature myeloid and pre-B/B-cell types, was greatly depleted for CFU-Dex activity at all time points assayed. The few colonies detected in this fraction probably reflect the level of contamination during sorting. The Thy-Lin-subset, which contains primarily committed erythroid and pre-B precursor^^.'^ gave a 1 in 90 response at day 7, but by day 21 so few colonies were present within the range of cell concentrations plated that an accurate frequency could not be calculated. In general, the Dexter reconstitution activity of the five Thy'" subsets was consistent with their developmental properties in vivo. Thy'"B+M-and Thy'"M+B-, which represent restricted pre-B and myeloid progenitors, respect i~e l y ,~~* '~~~ were somewhat enriched for CFU-Dex progenitors, but this activity was transient, disappearing after 3 weeks. The Thy' OB' M' and Thy'OL-S-fractions, which contain more primitive precursors,*',** were even more enriched for CFU-Dex cells, with a few rare colonies being maintained through day 28 from the Thy"B+M' subset. The BM fraction that contains the HSC, Thyl"L-S', clearly had the highest response frequencies. At day 14, 1 in 2.5 plated cells had formed a colony, and 1 in 85 was still active after 4 weeks.
For better comparison of these different subpopulations and assessment of the stem cell specificity of this microDexter assay, we calculated the relative contribution of each fraction to the overall activity of WBM (Fig 3, Table  4 ). Despite the higher response frequencies of the Thy'" subsets, more than 80% of the WBM activity at day 7 was due to the Thy-Lin-cells. The Thy'"L-S+ cell contribution increased to become the dominant population by 3 weeks, however, and accounted for two thirds of the total BM response by day 28. The total contribution from all the other BM fractions was less than 10%. After day 7, all sorted fractions added together gave only 50% to 80% of the total activity observed in WBM. Possible explanations for this deficiency are discussed below. Nevertheless, these results strongly suggest that it is predominantly if not exclusively the Thy'TS' cell population that gives rise to long-lived colonies in this reconstituted Dexter culture system.
Measurement of replatuble CFU-GM and CFU-s in reconstituted Dexter cultures. Irradiated Dexter monolayers in T-25 flasks were reconstituted with the BM fractions, 
1,300
Frequencies were calculated using Poisson statistics based on the percentage of negative wells and are given as l/the number of cells needed to generate one Dexter colony. Relative enrichment was calculated by dividing the WBM frequency by the frequency of the test population. Data shown are from one experiment; Table 3 shows the range of results obtained from three to five independent assays.
Abbreviations: WBM, whole bone marrow; TFTC, too few colonies existed to calculate an accurate response frequency in the range of cell concentrations plated.
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From Frequencies were determined as described in legend of Table 2 . Values are the range of results from three to five experiments. Abbreviations as in Table 2 . 'Results from only one experiment; not enough colonies were found in other experiments to calculate the response frequencies at that time point.
incubated for 14 days; the number of discrete colonies per flask was then measured. The results are shown in Table 5 .
Thy-Lin-and Thy'Lin-cells were not included in this series of experiments owing to their low overall activity. In addition, the Thy'OB'M-, Thy'"M+B-, and Thy' OM' B' fractions were tested as a group (Thy'"Lin+) because of their lower individual CFU-Dex frequencies (Tables 2 through  4 ). Approximately 1 in 4,000 WBM cells formed a colony. A significant enrichment for CFU-Dex activity was noted for both the Thy'OL-S-and Thyl4L-S' fractions (200 and 1,000-fold, respectively) as compared with WBM. These valves are similar to the limiting dilution frequencies described above (Tables 2 and 3) . These reconstituted Dexter cultures were then harvested and plated in a methylcellulose colony assay with EPO and WEHI-3 CM, which contains IL-3. Colonies were counted at days 10 through 14. Care was faken to determine the proportion of each flask placed in the assay sq that the total number of CFU per flask could be calculated. The predom- Table 4 .
inant cell types in these colonies were granulocytes and macrophages, although erythroid and megakaryocytic cells were detected in some colonies (data not shown). WBM gave rise to approximately 20 responsive colonies (CFU-GM) per lo4 cells originally plated in the T-25 flask (Table 5 ). The ThylOLint fraction gave a lower value of only 5/104. Thyl"L-S-cells gave rise to 370 colonies per lo4 cells, a 20-fold enrichment over WBM. When cultures reconstituted with Thy'"L-S+ cells were assayed, however, the calculated value was 3.8 x lo4 colonies per lo4 initially plated cells (Table 5) . Thus, the number of replatable CFU-GM in these 2-week-old reconstituted Dexter cultpres was fourfold greater than the number of Thy%S+ cells originally seeded into the flask. The last column in Table 5 indicates the relative colony formation that each Thy'" fraction contributed to the overall response observed in WBM. The results indicate that 97% of the replatable colony activity of WBM can be accounted for by the Thyl"L-S+ fraction, suggesting that this combination protocol of Dexter reconstitution-methylcellulose culture could serve as a stern cell assay.
In addition to the in vitro replatable colony activity, production of CFU-s by the Thy'"L S' in the reconstituted Dexter cultures was also tested. Preirradiated flasks were seeded with 1,000 to 2,000 Thy'"L-S+ cells. After 14 days in culture, the entire contents of a flask was collected and a proportion of the cells wqs injected into irradiated animals. Spleen colony formation was assayed on day 8 and day 12. Seventy to 100 day 8 CFU-s, and no day 12 CFU-s were recovered per flabk. Theoretically, if 1,000 to 2,000 Thyl'L-S' cells were immediately injected into mice, they would generate 50 to 200 day 12 CPU-s and virtually no day 8 CFU-S.~ This suggests that in these Thyl"L-S+ reconstituted cultures, the stem cells progress toward a more differentiated state.
DISCUSSION
Establishing assay systems that can be used to quantify HSC requires information about two distinct issues: (a) the degree to which non-SC precursors will be detected in the assay, and (b) the proportion of the SC population that responds in the assay. We previously defined several subsets of BM precursors that have distinct developmental properties in vivo (Table l) Abbreviations as in Table 2 . Values are the percentages of Dexter reconstitution activity that the indicated fraction contributes relative to the 100% total activityfrom WBM. Results were calculated by dividing the frequency response of WBM by the CFU-Dex frequency of the subpopulation (from Table 2 ) and multiplying by the percentage that the cell fraction represented in WBM. Maximum estimates for the relative contribution of TFTC subsets was less than 1 %.
cells that represent a very highly enriched population of HSC. This cell population, with almost unit efficiency, gives rise to day 12 spleen colonies and to thymic reconstitution: Clonal analysis in vivo indicates that each individual cell is multipotent, although some heterogeneity may exist in their self-renewal and long-term repopulating c a p a c i t i e~.~~~*~ No other BM fractions appear to contain HSC. We used these defined precursor populations to evaluate the Dexter culture reconstitution system as a potential quantitative in vitro SC assay.
Precursor cells placed on irradiated stromal monolayers formed specific sites of proliferation and differentiation (Fig 1) . The colonies that arose from these CFU-Dex progenitors appeared to be clonal, although this was not rigorously proven. Limiting-dilution analysis indicated that most colonies survived less than 3 weeks in culture (Fig 2) . One obvious explanation for this disappearance is that the more committed precursors exhaust their proliferative potential and begin to die. Only cells with a high prolifera- Table 2 .
'CFU-Dex values were determined from the number of colonies detected after 14 days in T-25 Dexter culture flasks and are normalized to the total number of colonies per lo4 cells plated.
tTwo-week-old reconstituted Dexter cultures were harvested, and cells were placed in the methylcellulose colony assay with (IL-3-containing) WEHI-CM/EPO. Colonies were counted at day 10. Values are the total number of WEHI-CM/EPO responding cells (replatable CFU-GM) generated per lo4 cells originally seeded into the T-25 flasks.
*Relative contribution was calculated by multiplying the replatable CFU-GM response values by the percentage that the sorted population represented in WBM (Table 4) . tive potential and/or the ability to make more progenitors can continue to grow. In general, the kinetics of Dexter colony survival correlated well with the previously characterized properties of the sorted subpopulations (Table 1) . Although many BM fractions contain CFU-Dex, only the Thy'"L-S' cells generated colonies that continued to proliferate after 3 weeks, accounting for nearly two thirds of the activity of WBM (Tables 2 through 4, Fig 3) . Other precursors did not contribute, implying that long-term colony formation is specific for HSC. The ability to make additional progenitors was assessed by replating the Dexter cultures into the methylcellulose colony assay. Again, only the Thyl"L-S' cultures contained large numbers of EPO and WEHI-CM responsive precursors (replatable CFU-GM). Without correction for either the initial seeding efficiency into the Dexter culture or the replating efficiency, each Thy'"L-St cell gave rise to a minimum of four colony-forming cells, this time accounting for 97% of the total WBM activity (Table 5 ). This strongly suggests that the ability to generate additional precursors is an SCspecific property.
The overall response frequency of the Thyl"L-S' cells was very high, ranging from 1 per 2.5 to 30 plated cells in the limiting-dilution experiments by day 14. Most of this variability probably results from the state of the Dexter monolayers at the time of reconstitution, because the frequencies noted for WBM also varied greatly. Only 0.5% to 1.5% of the Thyl"L-S' cells continue to proliferate after 4 weeks, however. This may suggest that not all SC can generate long-term colonies or, alternatively, not all Thy'OL-S' cells are SC. Recently, Spangrude and Johnsonz7 further subdivided the Thy'"L-S' fraction on the basis of rhodamine 123 (Rh123) staining. Their results suggest that only the Rh123 dull subset is capable of self-renewal in irradiated animals. Probably it is this Rh123 dull subset that gives rise to the long-term Dexter colonies. Ploemacher et al,23 using different separation protocols partly based of RH123 staining, also described a limiting-dilution assay using micro-Dexter cultures. They showed that their Rh123 dull fractions preferentially gave rise to the later-appearing Dexter colonies. They reported comparable frequepcies of colonyforming cells in WBM, but their enriched HSC populations For personal use only. on September 24, 2017. by guest www.bloodjournal.org From were 10-to 30-fold lower in response frequency than the values we obtained for the Thy'OL-S' fraction. In addition, the relative contributions of their enriched fractions to the total BM response were not given; neither were all other BM fractions tested. Thus, the SC specificity and the overall recovery of activity during their separation protocols were not determined in their assays.
The seven categories of sorted cells comprise nearly all BM cells. Therefore, summation of the contribution from each fraction should equal the value derived from unseparated BM. After day 7 , however, only 55% to 75% of the total WBM activity was recovered (Table 4) . Several parameters may account for these lower values. Cellular interactions between different cell types in WBM may regulate colony formation, perhaps through feedback mechanisms or growth factor elaboration. Such interactions are likely to be absent in the more purified progenitor cell populations; eg, two potent sources of growth factors, mature T cells and stromal cells, were present in WBM but were not included in any of the selected fractions. These additional cells might affect the Dexter culture, leading to a higher response frequency for WBM at the later time points. Finally, WBM was kept at 4°C while the other fractions were being prepared and thus was not subjected to manipulations such as multistep staining, magnetic bead separation, and FACS. Each of these procedures could cause a loss of viability and lead to a reduced response from the sorted fractions.
In these reconstituted Dexter cultures, most reseeded precursors progress toward a more differentiated state. Cultures seeded with Thy'OL-S' cells generated large numbers of mature granulocytes and macrophages, produced large numbers of replatable CFU-GM (Table 5) , and contained mostly day 8 CFU-s at 14 days. In contrast, freshly isolated Thyl"L-S+ cells have a low methylcellulose colony-forming activity; only 1 in 30 to 100 cells forms a colony," and they primarily form day 12 colonie~.~ Although more testing is needed, these results suggest that little if any self-renewal occurs in these cultures. Preirradiation of the culture may have stimulated release of factors that drive the SC to differentiate into the more restricted and mature cell populations.% Our results suggest that long-term reconstitution of Dexter monolayers can be used to determine the relative frequency of HSC in a given population. Two distinct quantitative protocols have been described: (a) limitingdilution analysis of long-term colony formation in microDexter cultures, and (b) primary reseeding of irradiated Dexter cultures followed by measurement of replatable CFU-GM. The SC specificity of these in vitro reconstitution assays has an important benefit to systems in which in vivo experimentation is not feasible, as in characterization of human hematopoietic SC. Dexter cultures have been established from human BM, and Sutherland et a1 reported use of such cultures to examine human BM cells enriched for progenitor
The ability to distinguish the most primitive SC from more committed precursors should help identify conditions or factors that influence the earliest stages in hematopoietic development. This might help define how self-renewal versus differentiation is regulated and how the process can be uncoupled during malignant transformation.
